Abstract: Novel bis(vinylcyclopropane)-based monomers with cholesteryl group and high molecular weight were prepared. The phase behaviour of the synthesized monomers was investigated. The obtained macromonomers showed a polymerisation shrinkage that was significantly lower compared to dimethacrylates used in dental composites.
Introduction
During the last decades much attention has been addressed to improve the presently used restorative dental composites involving the reduction of polymerization volume shrinkage and the increase of abrasion resistance and biocompatibility [1] . For example, the ring-opening polymerization of spirocyclic monomers was assumed to reduce the volumetric shrinkage and several experiments were made to synthesize and polymerize new spiro-orthoesters and spiro-orthocarbonates [2] [3] [4] [5] . Frequently, a cure of spiro-monomers and double-ring-opening polymers was associated with considerable volumetric shrinkage. Expansion was observed when crystalline monomers were used [5] .
An interesting possibility to reduce volumetric shrinkage is the use of pre-ordered methacrylates with relatively high molecular weight and low viscosity. Thus, we have suggested for the first time the use of liquid-crystalline esters [6] . Parallel to that, several bismethacrylates were found with liquid-crystalline structure even at ambient temperature [7] . Another approach to reach low viscosity and low shrinkage at the same time is the use of hyperbranched methacrylates. Dendrimeric methacrylates are recent examples [8] [9] [10] [11] [12] [13] . However, up to now, the combination of mesogenic groups with vinylcyclopropane derivatives has not yet been intensively considered.
In this paper we describe the synthesis of bis(vinylcyclopropane) structure based new monomers containing a cholesteryl group as mesogen with high molecular weight. For this purpose, some methacrylate derivatives were prepared as model compounds. Furthermore we report the polymerization of the hybrid monomers as well as 1 the mechanical properties of experimental composites based on the synthesized monomers.
Results and discussion

Synthesis of monomers
Synthesis of model monomer 1 was carried out with commercially available glycerol dimethacrylate, which was modified with cholesteryl chloroformate. Bis(vinylcyclopropane) 2a bearing a mono hydroxy group was synthesized by esterification of 1-ethoxycarbonyl-2-vinylcyclopropane-1-carboxylic acid with glycerol in the presence of N,N'-dicyclohexylcarbodiimide (DCC). After column chromatography we could obtain the monomer as colourless liquid. The characterization of 2a was carried out by 1 H NMR, 13 C NMR, and IR spectroscopy. The spectra are in agreement with the expected structure. In the 1 H NMR spectra of model monomer 2a, the existence of methylene and methane moieties between cyclopropane rings are proved by the presence of a multiplet at δ = 4.22 or a singlet at 3.27 ppm, assignable to CH or CH 2 of the glycerol unit, and the vinylcyclopropane moiety at δ = 2.42 and 1.46 ppm.
Bis(vinylcyclopropane) 2 bearing a cholesteryl group was synthesized by the reaction of 2a with cholesteryl chloroformate in the presence of triethylamine in dichloromethane as solvent. Monomer 2 is a highly viscous liquid. After purification the yield was relatively low (c. 33%). The signals due to the protons of the cholesteryl group are superimposed with the signal of the cyclopropane ring and observed as a multiplet at 2.08 -0.80 ppm.
Furthermore the nucleophilic ring-opening reaction of diepoxides, 1,4-cyclohexanedimethanol diglycidyl ether (CDDGE) or glycerol diglycidyl ether (GDGE), with methacrylic acid (MAA) were carried to obtain monomers 3 or 4. For this study, we designed 3 and 4 as precursor monomers, which could be polymerized in dental composite mixture.
The amount of products was dependent on reaction temperature and amount of acid. In this study, the excess of MAA used was relatively high (10 times per mol epoxide group) at 105°C reaction temperature and more than 5 h reaction time. When the reaction was carried out below 100°C, no fully arranged product was observed.
Introduction of mesogenic groups in monomer 3 was accomplished by the use of cholesteryl chloroformate in the presence of pyridine and 4-dimethylaminopyridine (DMAP) in dichloromethane under formation of monomer 5.
In analogy to monomer 5, monomers 6, 7, and 8 were synthesised with model monomer 4 under the same conditions using different ratios of cholesteryl chloroformate. By means of 1 H NMR spectroscopy the ratio of substituted cholesteryl groups in the monomer could be calculated. The signal of the double-bond proton of the cholesteryl group at 5.35 ppm increased with the amount of cholesteryl.
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Investigation of liquid-crystalline character
The expected liquid-crystalline behaviour of monomers was verified by polarized light microscopy (POM) and differential scanning calorimetry (DSC). POM observations showed that monomer 1 is liquid crystalline at room temperature. After heating, liquid crystals became mobile, with a clearing point at 140°C. Upon heating in a DSC apparatus at a rate of 10°C/min, monomer 1 shows one first-order phase transition at 140°C. As mentioned above, this peak could be assigned, by means of POM, to an isotropization process. The same behaviour was observed for monomer 3 with different mesophase-isotropic transition temperature. Tab. 1 summarizes the thermotropic LC behaviour of compounds 1 and 2.
Photopolymerization of the products
The synthesized monomers 1 and 2 were highly viscous compounds at room temperature and homopolymerized incompletely in the bulk. Thus, it was impossible to determine the level of polymerization shrinkage (∆V p ) accurately. Therefore, we carried out visible-light induced copolymerizations of a 1:1-mixture (w/w) of monomers 1 or 2 with urethane dimethacrylate (UDMA), using a mixture of DL-camphorquinone (CQ) (0.3 wt.-%) and ethyl p-dimethylaminobenzoate (EMBO) (0.4 wt.-%) as photoinitiator. From a ∆V p of pure UDMA of about -6.1 vol.-% and the different ∆V p values of the UDMA mixture with monomers 1 or 2, we calculated ∆V p of pure monomers 1 and 2 to be -5.9 and -0.2 vol.-% (Tab. 2). This result could be confirmed by the fact that the analogously calculated ∆V p of MMA, starting from the photoinitiated copolymerization of a 1:1-mixture (w/w) of MMA and UDMA (∆V p = -13.5 vol.-%) resulted in a ∆V p value of pure MMA of -20.7 vol.-% (-21.0 vol.-% ref. [17] ). The results confirm that the polymerization shrinkage of 1 and 2 is significantly lower compared to dimethacrylates frequently used in dental composites such as Bis-GMA (2,2-bis[4-(2-hydroxy-3-methacryloyloxypropyl)phenyl]propane), UDMA and decanediol dimethacrylate (D 3 MA), which show polymerisation shrinkages of -6.1, -6.7 and -10. 
Dental composites
In order to evaluate the potential of the synthesized compounds as crosslinking monomers in dental dimethacrylate resin composites, we prepared composites with a filler load of about 60 wt.-% (Tab. 3) and investigated the flexural strength (FS) and the flexural modulus (FM). Many of the currently used direct restorative composites are composed of a mixture of about 70 -80 wt.-% of different surface-modified inorganic fillers and 20 -30 wt.-% of an organic matrix [18] . Fillers are, e.g., nanofillers such as silica, or radiopaque YbF 3 and glass fillers. The organic matrix consists of a mixture of cross-linking dimethacrylates, and a photoinitiator system, which is usually based on a mixture of CQ and a tertiary amine such as EMBO.
The visible light cured composites with a filler load of 60 wt.-% were based on a mixture of the crosslinking dimethacrylate UDMA, the photoinitiator CQ/EMBO, and the synthesized monomer Finally, is should be mentioned that the mechanical properties of the composites based on the synthesized monomers did not deteriorate significantly during water storage of the cured specimens, which is also important for a dental application.
Conclusions
A series of bis(vinylcyclopropane) and bis(methacrylate) based monomers with cholesteryl group has been prepared. The obtained monomers were characterized by NMR, FAB-MS and MALDI-TOF MS.
It was shown that the polymerization shrinkage of monomers 1 and 2 is significantly lower compared to dimethacrylates frequently used in dental composites such as Bis-GMA, UDMA and D 3 MA. In addition, monomer 1 showed lower flexural strength, whereas the flexural modulus is similar to an analogous composite based on the D 3 MA/UDMA mixture. The highest flexural modulus values showed the composite of monomer 5. Obviously the rigid cyclohexyl ring has a positive impact on the flexural strength of the composite materials.
Experimental part
Materials
The following commercial products were used: glycerol dimethacrylate, glycerol, cholesteryl chloroformate, pyridine, ethyl acetate, dichloromethane, methacrylic acid
and triethylamine (all from Aldrich). The crosslinker urethane dimethacrylate (UDMA) prepared from 2-hydroxyethyl methacrylate and 2,2,4-trimethylhexamethylene diisocyanate, and decanediol dimethacrylate (D 3 MA) were purchased from Ivoclar Vivadent AG. DL-Camphorquinone (CQ, Rahn, Zurich) and ethyl p-dimethylaminobenzoate (EMBO, Fluka Chemie AG, Buchs) were used without purification. The fillers were commercial products: fumed silica OX-50 (size of primary particles: 40 nm, Degussa) and YbF 3 (mean particle size: 5 µm, Auer Remy, Hamburg). Before use, silica was modified with the silane coupling agent 3-methacryloyloxypropyltrimethoxysilane (MPTS, Union Carbide). The fillers were silanized by mixing with 10 wt.-% of water and 5.0 wt.-% of MPTS at room temperature over a period of 2 h, and drying the modified fillers at 50°C for 4 days.
Measurements
IR spectra were run on a Nicolet 5SXB spectrophotometer. NMR spectra were recorded with a Bruker AC500 at 20°C. The δ-scale relative to tetramethylsilane was calibrated by the deuterium signal of the solvent as the internal standard. Differential scanning calorimetry was carried out using a Perkin-Elmer Model DSC-7 in nitrogen atmosphere and 10 mg samples at a scan rate of 10°C/min from 223 to 473 K. Phase transition temperatures were reported as the average of 2 -3 measurements using the midpoint method. Polarized light microscopy (POM) was conducted on a Leica DMRXP polarizing microscope with a Mettler FP5 hot stage controlled by a Mettler FP52 temperature controller. Polarized light micrographs were obtained with a Wild Leitz MPS46 automatic camera assembly. Samples sandwiched between a microscope slide and a coverslip were heated at 5°C/min and observed under crossed polarizers. Composites were mixed using a three-roll mill (Exakt Apparatebau, Norderstedt). The polymerization shrinkage ∆V p was calculated from the density of the 1:1 (w/w) mixture of UDMA with selected synthesized monomers and the copolymers formed. That means that the density of the monomer mixtures was determined before and after polymerization. The density of the samples was measured by the buoyancy method after 30 min of specimen preparation [15] . The mechanical properties were determined according to ISO standard [16] before and after immersing the specimens in water. Flexural strength and flexural modulus were determined using a BZ2.5/TS1S universal testing machine (Zwick, Ulm).
Syntheses
General procedure for the synthesis of 1
To a solution of glycerol dimethacrylate (7.03 mL, 34 mmol) and cholesteryl chloroformate (13.47 g, 30 mmol) in 120 mL of dichloromethane, 4.2 mL of triethylamine was added gradually. After stirring for 96 h at room temperature, the resulting solution was washed with water and NaHCO 3 solution. After drying over anhydrous MgSO 4 , the solvent was concentrated and was purified by chromatography using ethyl acetate as an eluent to give a liquid product 1 (35% yield General procedure for the synthesis of 2a
The synthesis of 1-ethoxycarbonyl-2-vinylcyclopropane-1-carboxylic acid was described previously [14] . To a solution of this compound (2 g, 10.84 mmol) and glycerol (0.5 g, 5.42 mmol) in 20 mL of dichloromethane, DMAP (0.128 g, 1.08 mmol) and DCC (2.23 g, 10.84 mmol) were added gradually. After stirring for 24 h at room temperature, the mixture was washed with water (2 x 20 mL), 5% acetic acid (3 x 15 mL) and again with water (3 x 15 mL). After drying over anhydrous MgSO 4 , the solvent was evaporated (73% yield General procedure for the synthesis of 2
To a solution of monomer 2a (1.5 g, 3.54 mmol) and cholesteryl chloroformate (1.59 g, 3.54 mmol) in 40 mL of dichloromethane, 1.3 mL of triethylamine was added gradually. After stirring for 24 h at room temperature, the resulting solution was washed with water and NaHCO 3 solution. After drying over anhydrous MgSO 4 , the solvent was concentrated and purified by chromatography using CH 2 Cl 2 as an eluent to give a highly viscous product (33% yield). General procedure for the synthesis of monomers 3 and 4 10-fold excess of MAA was added per epoxide unit of GDGE or CDDGE with triethylamine, respectively. The mixture was heated at 105°C under reflux. After 6 h the reaction mixture was treated with a 1 M NaOH solution (3 x 20 mL) and the organic phase was extracted. The collected organic phases were dried and the solvent was evaporated in vacuum (60% yield). 
4
General procedure for the synthesis of monomers 5, 6, 7 and 8
Cholesteryl chloroformate, DMAP and pyridine were added, in that order, under nitrogen at room temperature to a solution of the bis(methacrylate) monomer in dry CH 2 Cl 2 . After stirring at room temperature for 24 h, 1 M HCl was added and the reaction mixture was extracted with dichloromethane (3 x 20 mL). The collected organic layers were dried and the solvents were evaporated (80 -90% yield 
Polymerization
Photopolymerizations of monomer mixtures or composites were carried out using a photoinitiator system based on a combination of CQ and EMBO. Flexural strength specimens (2 x 2 x 25 mm) were obtained by irradiating the resins or composites with a visible-light source (Spectramat [2] Okada, M.; Adv. Polym. Sci. 1992, 102, 1.
